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Effect of water activity and humectant
identity on the growth kinetics of
Escherichia coli 0157:H7

The effect of three non-ionic humectants on the growth kinetics of a three-strain mixture of
Escherichia coli O157:H7 was studied in brain-heart infusion broth. A full factorial design
was used to test mannitol (0, 50, 100, 150, 200 g I'"), sorbitol (0, 50, 10, 150, 200 g I''), and
sucrose (0, 50, 100, 200, 300 g I'') in combination with four pH levels (4.5, 5.5, 6.5, 7-5) and
three incubation temperatures (12°, 19°, and 28°C). Growth was measured using viable
counts, and growth curves were then fitted using the Gompertz equation to derive gener-
ation times, lag phase durations, maximum population densities, and ‘times to a 1000-fold
increase’. Increasing humectant concentrations (i.e., lowering water activity (a,)) interacted
with decreasing temperatures and pH values to increase lag phase durations and gener-
ation times. The results were compared with an earlier study where NaCl was used as the
humectant. The response surface model developed for NaCl in the earlier study was evalu-
ated for its ability to successfully predict the growth kinetics of E. coli observed with the
three non-ionic solutes. The model provided reasonable estimates for all four humectants,
particularly at higher a,, values. As the minimum a,, that supported growth was approached,
differences among the solutes were observed and the model was less accurate. This was
evidenced by conservative (fail-safe) predictions that over estimated the pathogen’s growth
potential at low a,, values. Overall, the results indicate that models developed using NaCl as
a humectant can be used to obtain estimates of a bacterium’s growth in the presence of
other solutes.

Introduction pathogenic bacteria. Water activity (a,), tem-
perature, and pH have been identified as the
During the past several years, research in three primary factors controlling microbial
predictive food microbiology has provided a growth in many foods. However, most investi-
wealth of quantitative data on the impact gators have not directly considered ay.
that various intrinsic and extrinsic para- Instead, they have modeled the effect of
meters have on the growth of foodborne sodium chloride concentration, the humec-
tant used to modify a,, (McMeekin et al. 1987,
Gibson et al. 1988, Buchanan and Phillips
1990, Palumbo et al. 1991, 1992, Zaika et al.
1992, 1994, Quintavalla and Parolari 1993,
Bhaduri et al. 1994, 1995, Buchanan and
Bagi 1994, Sutherland and Bayliss 1994,
Sutherland et al. 1994, 1995). In many



Table 1 (continued).

Effect of mannitol concentration, initial pH, and incubation temperature on

the growth of Escherichia coli 0157:H7 in brain—heart infusion broth

EGR GT LPD MPD T-1000
TEM pH Man Aw n Mean sd. Mean sd. Mean s.d. Mean s.d. Mean s.d.
12 55 0 0987 2 0087 0028 39 1.3 222 25 100 <01 609 151
12 55 50 0982 4 0.055 0-004 55 04 417 41 98 01 975 179
12 5.5 100 0976 5 0-030 0-015 132 6-0 564 51-1 9-4 0-7 1886 72.5
12 55 150 0972 6 0-021 0.007 172 114 752 415 70 2.0 2092 *
12 55 200 0968 NT-BLS
12 6-5 0 0987 2 0-106 0-035 3-2 1.0 172 1.5 9.8 <0-1 489 119
12 65 50 0982 3 0065 0068 90 49 402 474 95 02 1306 2.0
12 6-5 100 0976 2 0-096 0-018 3-3 0-6 104-3 5.3 9.7 0-1 1370 1.0
12 6-5 150 0972 2 0-037 0-004 8.3 1.0 639 239 91 <01 147.1 138
12 6-5 200 0-968 NT-BLS
12 7-5 0 0987 2 0-134 0-003 22 <01 188 0-7 97 <01 412 0.2
12 75 50 0982 2 0.059 <0-001 51 <01 258 11 97 <01 780 08
12 7.5 100 0976 4 0046 0.019 78 32 792 305 97 03 1574 25
12 75 150 0972 NT-BLS
12 7.5 200 0-968 NT-BLS

*Not all cultures increased 1000-fold. Value based on the average of the six cultures. Tem=temperature
(C); Man=mannitol (gl™); a,=water activity; n=number of replicates; EGR=exponential growth rate [(log
(cfu ml™) h™']; GT=generation time [h]; LPD=lag phase duration [h]; MPD=maximum population
density [log (cfu ml™)]; Tye=time to 1000-fold increase in population density [h]; s.d.=standard
deviation; NT=not tested; NT-BLS=not tested, beyond limit of solubility; NG=no growth.

250 ml Erlenmeyer flasks, which were sealed
with foam plugs, and autoclaved for 15 min
at 121°C. The pH of the media were verified
periodically to remain within 0-1 pH units
after autoclaving. The flasks were inoculated
with 0-5ml of the diluted mixture of the
three E. coli strains to achieve an initial level
of approximately 10° cfu ml™. The flasks were
incubated with agitation (150 rm™) at 12°,
19°, or 28°C. Periodically, 2-5 ml samples
were removed, diluted as needed using 0-1%
peptone water, and surface plated in dupli-
cate on BHI agar using a Spiral Plater
(Spiral Systems, Inc., Bethesda, MD, USA).
All plates were incubated at 37°C for 20-24 h
and then enumerated using an automatic col-
ony counter (Spiral Systems, Inc.).

Growth curves

Viable counts were converted to Logy, values,
and growth curves generated by fitting the
data to the Gompertz equation as described
previously (Gibson et al. 1988, Buchanan et
al. 1989). The Gompertz parameters were
then used to calculate lag phase duration

(LPD), exponential growth rate (EGR), gener-
ation time (GT), maximum population den-
sity (MPD), and time to 1000-fold increase in
population density (Tio0) as described pre-
viously (Buchanan et al. 1989).

A,, determinations

The relationship between humectant concen-
tration and a,, in BHI was determined by sup-
plementing the medium in 5 g1 increments
with crystalline NaCl (5-55g1™?), in 20 g1
increments with sorbitol and mannitol
(0-220g1™"), or 30gl' increments with
sucrose (0-330 g1™). The a, was determined
at 24-25°C using a water activity meter
(Aqua Lab model CX-2; Decagon Devices Inc.,
Pullman, WA, USA). All determinations were
done at least twice and the results were ana-
lysed by linear regression. Unsupplemented
BHI has a basal level of 5 g 1™ NaCl, and had
a measured a,, of 0-987 with a standard devi-
ation of 0-0009 (n=12). The effect of added
humectant (gl™) on the a,, of BHI could then
be estimated using the equations:



Table 2. Effect of sorbitol concentration, initial pH, and incubation temperature on the growth of
Escherichia coli 0157:H7 in brain—heart infusion broth. (See Table 1 for abbreviations)

EGR GT LPD MPD T-1000
Mean s.d. Mean sd. Mean s.d. Mean s.d. Mean s.d.

0-418  0-045 07 01 104 58 95 02 17.7 6.0
0-291  0-093 1.1 03 191 06 92 03 304 36
0-282  0-004 11 <01 184 01 101 01 292 01
0-000 — NG —_ — —

TEM pH Sorb Aw

28 4.5 0 0987
28 45 50 0983
28 4.5 100 0978
28 45 150 0974

NDNWW|

28 45 200 0-969 NT

28 55 0 0987 2 0553  0-002 05 <01 23 04 97 02 77 06
28 55 50 0983 2 0444  0-009 07 <01 27 01 90 <01 96 <01
28 5.5 100 0978 2 0-362 0-004 08 <01 26 <01 90 <01 111 02
28 55 150 0974 2 0452 0-024 0.7 <01 52 04 94 <01 122 03
28 5.5 200 0969 2 0263 0-005 1.1 <01 71 02 92 <01 187 05
28 65 0 0987 3 0548 0-014 05 <01 30 01 97 <01 84 01
28 65 50 0983 2 0483  0-050 06 01 31 05 106 01 94 12
28 65 100 0978 2 0419 0-069 07 01 44 03 92 01 119 09
28 65 150 0974 2 0-369  0-007 08 <01 31 03 92 <01 113 04
28 65 200 0969 2 0316 0-004 1.0 <01 39 01 94 <01 135 03
28 756 0 0987 3 0537 0-004 06 <01 28 01 94 <01 84 01
28 75 50 0983 2 0477 0.021 06 <01 33 07 103 03 96 10
28 7.5 100 0978 2 0-501  0-049 06 01 49 06 94 <01 110 <01
28 7.5 150 0974 2 0-388  0-026 08 <01 34 04 92 <01 113 01
28 7-5 200 0969 2 0266 0-010 1.1 <01 45 00 96 04 159 04
19 45 0 0987 3 0120 0-006 25 01 175 2.0 101 01 426 1.1
19 45 50 0983 2 0-000 — NG — — —

19 4.5 100 0978 NT

19 4.5 150 0974 NT

19 4.5 200 0-969 NT

19 55 0 0987 3 0256 0-031 1.2 02 122 14 102 03 241 02
19 55 50 0983 2 0220 0-003 14 <01 154 <01 89 01 291 02
19 55 100 0978 2 0-135 0.003 22 <01 174 01 96 <01 397 06
19 55 150 0974 2 0-109 0.005 28 01 229 04 92 <01 508 09
19 55 200 0969 2 0-065 0-009 56 09 261 03 87 02 832 9.7
19 65 0 0987 3 0247 0-005 12 <01 97 02 97 <01 219 03
19 65 50 0983 2 0155 0-012 20 01 112 08 103 01 307 0.7
19 6.5 100 0978 2 0173  0-001 1.7 <01 169 03 97 02 343 02
19 65 150 0974 2 0119  0-007 25 01 166 05 93 <01 420 09
19 65 200 0969 2 0.062 0-003 60 04 48 06 93 <01 1078 36
19 75 0 0987 3 0261 0-016 1.2 01 92 09 96 01 208 03
19 75 50 0983 2 0197 0-018 1.5~ 01 163 05 100 01 316 09
19 7.5 100 0978 2 0-123 0-003 25 01 194 07 96 <01 440 01
19 7.5 150 0974 2 0-108 0-003 28 01 238 27 95 01 515 1.8
19 7.5 200 0969 2 0-068 0.010 46 07 83 53 93 <01 1292 11.8
12 45 0 0987 1 0-000 —_ NG — — —

12 45 50 0983 2 0-000 — NG

12 4.5 200 0-969 NT




Table 2 (continued).

Effect of sorbitol concentration, initial pH, and incubation temperature on

the growth of Escherichia coli O157:H7 in brain—heart infusion broth. (See Table 1 for abbreviations)

EGR GT LPD MPD T-1000
TEM pH Sorb = Aw n Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
12 55 0 0987 2 0-087 0-028 39 1.3 222 25 100 <01 609 151
12 5.5 50 0983 4 0-0562 0-003 58 03 327 111 97 01 920 144
12 5.5 100 0978 2 0-014 <0001 215 03 291 35 86 <01 2497 1.2
12 55 150 0974 4* 0.017 <0-001 176 <01 392 45 49 <01 —
12 5.5 200 0-969 2 0-000 — NG — — —
12 65 0 0987 2 0106 0-035 32 1.0 172 1.5 98 <01 489 119
12 65 50 0983 2 0.0564 0-001 56 01 216 04 96 <01 774 06
12 6.5 100 0978 1 0-047 — 641 319 — 96 — 959 —
12 6.5 150 0974 2 0016 0-001 187 1.3 1566 12.3 81 0-3 3622 186
12 65 200 0969 2 0-000 — NG — — —
12 75 0 0987 2 0-134 0-003 22 <01 188 07 97 <01 412 02
12 7.5 50 0983 2 0-076  0-007 40 04 563 63 96 <01 963 27
12 7.5 100 0978 6 0-037 0-007 85 1.9 1452 789 96 0-3 2298 77.0
12 75 150 0974 2 0.018 0-001 16-7 1.0 465 39 8. 0-3 2165 126
12 7.5 200 0969 2 0-000 — NG — — —

*QOnly two of the four cultures grew. The values indicated are the averages of the two that grew. The two
cultures that grew did not achieve a 1000-fold increase in population density.

Sodium Chloride (added):
a,=—0-000496xNaCl+0-987

R2=0-991
Mannitol:
a,=—0-000102xMannitol+0-987
R?=0.982
Sorbitol:
a,=—0-000089xSorbitol+0-987
R?=0.984
Sucrose:
a,=—0-000049%Sucrose+0-987
R?=0.975

The relative impact of humectant concen-
tration on a, for the four humectants is
depicted graphically in Fig. 1.

Due to its solubility limits at this tempera-
ture, the linear regression for mannitol only
included the concentration range of
0-180 g 1. A a,, of 0-680 was assumed for the
200 g I mannitol samples.

Results

The effects of mannitol, sorbitol and sucrose
supplementation on the growth kinetics of E.
coli O157:H7 are summarized in Tables 1-3,
respectively. The experimental values listed
for BHI without humectant supplementation
were largely acquired during earlier studies
(Buchanan and Klawitter 1992, Buchanan et
al. 1993, Buchanan and Bagi 1994). Increas-
ing humectant concentrations affected the
LPD and GT, but generally had little impact
on the MPD reached by the cultures. The few
exceptions were typically associated with
conditions where there were multiple vari-
ables that were limiting (e.g. mannitol, 12°C,
pH 5.5 (Table 1)). In general, GTs and LPDs

increased proportionally as a, declined;
however, in a few cases (e.g.
mannitol/12°C/pH 6-5, sorbitol/12°C/pH 7-5)

extended lag phases with relatively rapid
generation times were observed. Such growth
behavior has been observed commonly with
occasional cultures grown under non-optimal
growth conditions, which accounts in part for
the emergence of statistics such as Tyo for
evaluating the efficacy of predictive models.
The Ty value provides an integrated esti-



Table 3. Effect of sucrose concentration, initial pH, and incubation temperature on the growth of
Escherichia coli 0157:H7 in brain—heart infusion broth. (See Table 1 for abbreviations)

EGR GT LPD MPD T-1000
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.

0-418  0-045 0.7 01 104 58 95 02 177 6.0
0-350  0-011 09 <01 43 04 88 <01 129 01
0-175  0-002 1.7 <01 71 03 93 <01 243 01
0-156  0-012 2.0 02 137 06 9:2 01 332 09

TEM pH Suc Aw

28 4.5 0 0-987
28 45 50 0985
28 45 100 0-982
28 4.5 200 0977

n

3

2

2

2
28 4.5 300 0972 2 0-000 — NG — — —
28 b5 0 0987 2 0553  0-002 056 <01 23 04 97 02 77 06
28 55 50 098 2 0476  0-003 06 <01 24 <01 92 <01 88 01
28 55 100 0982 2 0454  0-008 07 <01 28 <01 92 <01 95 01
28 55 200 0977 2 0484 0-014 06 <01 40 03 87 <01 103 01
28 5.5 300 0972 2 0-268  0-004 12 <01 52 01 93 <01 168 01
28 65 0 0987 3 0548 0-014 05 <01 30 01 97 <01 84 01
28 65 50 098 2 0501 0-005 06 <01 24 <01 93 <01 84 <01
28 65 100 0982 2 0498  0-026 06 <01 30 03 93 01 91 06
28 65 150 0980 2 0-323 0-001 09 <01 22 <01 93 <01 11.6 01
28 65 200 0977 2 0345 0-003 09 <01 46 02 92 <01 135 02
28 6.5 300 0972 4 0403 0-081 0-8 02 113 53 91 01 191 38
28 75 0 0987 3 0537 0-004 06 <01 28 01 94 <01 84 01
28 75 50 098 2 0524 0013 06 <01 24 <01 97 <01 82 01
28 7.5 100 0982 2 0493 0-015 06 <01 28 08 97 <01 89 06
28 7.5 200 0977 2 0-399  0-003 08 <01 39 04 95 <01 115 05
28 7.5 300 0972 2 0-267 0-002 11 <01 59 03 92 01 17 0-2
19 45 0 0987 3 0120 0-006 2.5 01 175 2.0 101 01 426 11
19 45 50 098 2 0213 0-021 14 01 11.3 16 97 01 257 01
19 4.5 100 0982 2 0-206 0-012 1.5 01 155 2.7 97 01 302 1.8
19 4.5 200 0977 2 0-000 — NG — — —
19 4.5 300 0972 2 0-000 — NG — — —
19 55 0 0987 3 0256 0.031 1.2 02 122 14 102 03 241 02
19 55 50 098 2 0227 0011 1.3 01 121 1.0 94 <01 254 03
19 5.5 100 0982 2 0-147 0-004 21 01 128 12 94 <01 332 06
19 55 200 0977 2 0140 0-004 2-2 01 205 04 93 <01 420 02
19 5.5 300 0972 2 0041  0-002 7-4 04 1562 319 80 0-4 232.0 36-1
19 65 0 0987 3 0247 0-005 12 <01 97 02 97 <01 219 03
19 65 50 0985 2 0270 0-002 11 <01 174 <01 94 <01 285 01
19 65 100 0982 2 0.146 0-001 21 <01 147 02 97 <01 352 03
19 65 200 0977 2 0.096 0-001 32 <01 133 03 90 <01 449 01
19 6.5 300 0972 2 0029 0-003 10-6 1.0 563 32 89 0-3 1620 7-3

19 75 0 0987 3 0261 0-016 1.2 0-1 92 09 9-6 01 208 03
19 75 50 098 2 0217 0-001 14 <01 174 01 97 <01 312 <01
19 7.5 100 0-982 2 0-179  0-002 1.7 <01 188 0.0 9-6 01 355 02
19 7.5 200 0977 2 0.083 0-002 3-6 01 222 04 90 01 58 0-4
19 7.5 300 0972 2 0.016 0-003 190 36 754 122 83 0-7 269-0 269
12 45 0 0987 1 0-000 — NG — — —
12 45 50 0-985 2 0-000 — NG — — —
12 4.5 100 0982 2 0-000 —_— NG — — —

12 4.5 300 0-972 NT




Table 3 (continued). Effect of sucrose concentration, initial pH, and incubation temperature on
the growth of Escherichia coli O157:H7 in brain-heart infusion broth. (See Table 1 for abbreviations)

EGR GT LPD MPD T-1000
TEM pH Suc Aw n Mean sdd. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
12 5-5 0 0987 2 0-087 0-028 39 1.3 222 25 100 <01 609 151
12 55 50 0985 2 0-078 0-001 39 0-1 317 16 9.7 02 701 22
12 55 100 0982 2 0-069 0-009 44 06 394 4.3 94 02 835 103
12 5:5 200 0977 2 0-026 0-002 119 0-8 653 91 96 <01 1843 0.7
12 5.5 300 0972 2 0-000 — NG — — —
12 6-5 0 0987 2 0-106 0-035 3-2 1.0 172 15 98 <01 489 119
12 6:5 50 0985 2 0-061 <0-001 50 <01 250 08 106 <01 745 05
12 65 100 0982 2 0.064 <0-001 47 <01 329 11 96 <01 795 1.1
12 6-5 200 0977 2 0-040 <0-001 7-6 0-1 1317 0.2 9-2 0-1 183-0 255
12 6-5 300 0972 2 0-000 —_ NG — —_ —
12 7-5 0 0987 2 0-134 0-003 22 <01 188 0.7 97 <01 412 02
12 75 50 0985 2 0-069 0-004 44 0-3 448 116 9.3 04 889 92
12 7.5 100 0-982 2 0.066 0-001 4.6 0-1 449 25 96 <01 909 1.7
12 7-5 200 0977 2 0-046 0-001 6-6 0-1 406 05 94 <01 1062 03
12 75 300 0972 2 0-000 — NG — —_ —
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Figure 1. Effect of added mannitol, sorbitol,
sucrose, and sodium chloride concentration on the
water activity of BHI broth at 24-25°C.

mate of how the initiation and subsequent
growth of a micro-organism are affected by
cultural conditions. The use of a 3-log
increase in population density was based on
the selection of an end point that provides a
balanced measure of the impact of the lag
and exponential growth phases. It is import-
ant to note that the general observation and
relationships discussed below for T;o values
are also pertinent for LPD and GT when
these growth kinetics were considered indi-
vidually.

Figure 2. Example of the effect of humectant
identity on the time for E. coli O157:H7 to achieve
a 1000-fold increase in population density.
(Culture conditions were 28°C and pH 7-5.) (@)
mannitol, (®) sorbitol, (M) sucrose.

Comparison of the three humectants sug-
gested that at higher a, levels, particularly
when temperature and pH were non-limiting,
the differences between the humectants were
minimal (Fig. 2). However, as the environ-
ment was made more inhospitable, apparent
differences due to humectant identity were
noted. While it is difficult to assess quantitat-
ively due to the increased variability of the
micro-organism’s growth kinetics as the con-
ditions become more limiting, it appears
qualitatively that the relative ability of high
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Figure 3. Example of the effect of initial pH on
the time for E. coli 0157:H7 to achieve a 1000-fold
increase in population density at 28°C when
cultured in BHI supplemented with different
humectants. The humectant concentrations were
(@) 100gl?* mannitol (a,=0-976), (#) 100gl™
sorbitol (a,=0-978), and (M) 200 g 1" (a,=0-977).

concentrations of the three solutes to inhibit
E. coli O157:H7 was sorbitol>mannitol>
sucrose (Tables 1-3).

In addition to water activity, the growth
kinetics were influenced by temperature and
pH. Increasing incubation temperatures from
12-28°C decreased GTs and LPDs. Tempera-
ture also influenced the range of pH and a,
conditions tolerated by the micro-organism,
with 28°C supporting growth over the
greatest range of pH and a, combinations.
The pH of the system had relatively little
effect on the micro-organism’s growth kin-
etics within the range 5-5-7-5, but decreasing
pH to 4.5 strongly depressed growth rates
(Fig. 3).

Discussion

While a,, has proven to be an effective means
for describing microbial water relations in
foods, there are specific solute effects that
alter micro-organisms’ responses when diff-
erent humectants are used to modify the
amount of biologically available water. This
appears to involve both the effects the diff-
erent solutes have on the physical character-
istics of the environment (e.g. viscosity, oxy-
gen solubility) and the compatibility of the
solute with the micro-organism’s metabolic
systems (i.e. the ability of the cell’s enzyme
systems to continue to function in the pres-
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Figure 4. Comparison of Ty values observed
with cultures where the water activity of brain
heart infusion was modified using mannitol (),
sorbitol (<), sucrose (O), and sodium chloride (@)
with Ty values predicted by the model of
Buchanan and Bagi (1994). Variable combinations
where no growth was observed were assigned a
value of 600 h.

ence of -high concentrations of the solute)
(Ballesteros et al. 1993). It is interesting to
note that there was little difference in the
micro-organism’s response to mannitol and
sorbitol even though it does not readily meta-
bolize the latter sugar alcohol. As was
expected, solute identity had relatively little
impact on the influence of a,, on the growth
kinetics of E. coli O157:H7 at low solute con-
centrations. However, differences among the
solutes were noted as the a, became more
restrictive. It should be noted that no attempt
was made to correct the a, calculated from
the standard curves for temperature. While
a, is not affected over the temperature range
used in the current study when NaCl is used
as a humectant, small differences can be
expected with other solutes.

The ability of the response surface model
of Buchanan and Bagi (1994) to predict the
behavior of E. coli 0157:H7 when different
solutes were used was assessed by comparing
the observed and predicted Tyo values for
the different data sets, including that for
NaCl (Fig. 4). This was accomplished by con-
verting the a,, values into their corresponding
NaCl concentration using the equations
described above, and employing the NaCl
values to solve the response surface poly-
nomial of Buchanan and Bagi (1994). In this
evaluation, variable combinations that
yielded a no response were assigned a value



of 600 h, the maximum time the cultures
were incubated. For the culture conditions
that supported growth, the model provided
‘fail-safe’ Tio00 predictions over the range of
solute concentrations. The agreement
between predictions and observed data was
best at the shorter Tigo values. At the higher
sorbitol, sodium chloride, and sucrose levels,
the observed growth rates were less than the
predicted values. This included the model
predicting growth under cultural conditions
where no growth was observed. This reflects
the fact that the model was generated using a
natural logarithm transformation that
excluded the no-growth data, thus making
the model conservative at those points. It is
possible that the addition of a compatible sol-
ute (i.e. betaine) could have eliminated some
of the no-growth variable combinations or
enhanced growth rates. This has been ident-
ified as having a potential impact on accuracy
of models of E. coli growth in minimal
medium (Krist et al. 1996), but this should be
of less importance in models based on the
growth of the micro-organism in more com-
plex media such as the BHI used in the cur-
rent study.

The ability of the model to effectively pre-
dict the behavior of the micro-organism was
assessed further using the accuracy and bias
indices proposed by Ross (1996). These stat-
istics were 1-37 and 0-92, 1.53 and 0-72, 1-52
and 0-76 and 1-47 and 0-76 for mannitol, sor-
bitol, sucrose and sodium chloride, respect-
ively. When the no-growth data were
excluded, substantially improved accuracy
and bias indices (i.e., closer to 1-00) of 1-25
and 1-06, 1.26 and 0-90, 1.36 and 0-88, and
1.28 and 0-89 were obtained. These statistics
indicate that the model’s accuracy and bias
were similar for the four humectants, and
would be expected to provide reasonable pre-
dictions for combinations of a,;, pH, and tem-
perature that support the growth of the
micro-organism.
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